ABSTRACT. data which could be used in assessing the biological risk from exposure to ultrasonic energy. The system can reproduce the ultrasonic signals of medical diagnostic and therapeutic equipment at cmparable or greater intensities. Signal synthesis is at low electrical powers (<O dBm) with linear amplification of the signal to the desired level by a high power, broadband amplifier. minicomputer controls the exposure time and the net electrical power to the ultrasonic transducer assembly through an interface to a programmable frequency synthesizer. monitored by a dual directional coupler which, in turn, is monitored by the minicomputer with an r.f. digital voltmeter. controlled, water or saline filled exposure tank. tank serves as an ultrasonic absorber to minimize standing waves. measured by the bouyant float technique which is used to determine the ultrasonic transducer assembly efficiency of converting the net electrical power into ultrasonic power. hydrophone technique is used to obtain either axial or three dimensional perspective plots of the ultrasonic field. animal exposures such as 25 to 40 gram mice and liquid suspension exposures.
INTRODUCTION
Even though the use of ultrasound continues to increase (Erikson yet to develop a reliable assessment of the risk associated with exposure to ultrassund (O'Brien 1972) . One major reason i s that insufficient qualitative and quantitative information exists with respect to dose-effect relationships and interaction mechanisms (Reid and Sikov, 1972). al., 1974) , it is not possible
al.,
An ultrasonic biological effect exposure system has been developed. experimental data which, in turn, can be used to aid in the assessment of the biological risk from exposure to ultrasonic energy. The minimum criterion for the development of the system was to reproduce the exposure conditions of ultrasonic emitting devices which are used in the healing arts on humans. The typical therapeutic frequency range is from 0.1 to 10 MHz with spatially averaged intensities as high as 4 W/cm2 (Lehman and Guy, 1972) which could result in an onaxis intensity as high as 16 W/cm2. The typical frequency range for diagnostic, pulse-echo, equipment is from 1 to 30 MHz with peak intensity levels of the microsecond pulses as high as 100 W/cm2 (Hill, 1969) . Time average intensities are much lower owing to duty cycles between 0.05 to 0.2 percent or less. Ultrasonic Doppler monitoring devices operate in a frequency range from 0.5 to 15 MHz and have had intensities reported to be as high as 0.3 W/cm2 (Rooney, 1973) . Concomitant with an exposure capability is a measurement capability. system must be such that whatever exposure conditions are utilized, they are accurately quantifiable. The approach decided upon was one of synthesizing the desired electronic wave shape at low ( C O dBm) power levels and linearily amplifying the signal to the required level before it is supplied to the ultrasonic transducer.
This system can be used to develop
The measurement aspects of the EXPOSURE EQUIPMENT The exuosure eauiDment consists of the electronic . .
support for the production of the electrical signal supplied to the ultrasonic transducer assembly and the exposure tank. of providing a known net electrical power to the The electronic support is capable -.
1974 Ultrasonics Symposium Proceedings, IEEE Cat. #74 CHO 896-1SU ultrasonic transducer assembly. Given the efficiency of converting the net electrical power to ultrasonic power, which will be described later, the electronic support can control the ultrasonic power. The exposure tank is designed to support two general types of exposures, small animals and liquids.
ELECTRONIC SUPPORT
The electronic support consists of the minicomputer and interface, thk synthesizer, the double balanced mixer and pulse generator, the amplifier, the dual directional coupler and relay box and the voltmeter, all shown schematically in Figure 1 . The electronic equipment used in this system is listed in Table I . The output level, frequency and modulation are the three major programmable functions of the synthesizer, but since the majority of exposures are performed at the same frequency and modulation, only Acu-Ri t e-5 Micro-Line Jamestown, New York the output level is under computer control. The level is variable from -127 dBm to +33 dBm (OdBm = 1mW into 50Q) and all impedances are 509 unless otherwise indicated. The frequency range of the synthesizer is variable from 50 kHz to 80 MHz in 1 kHz steps. Its output can be pulse modulated to obtain the microsecond pulse conditions used in diagnoq'ic ultrasonic devices with the double balance mixer operated as a pulse modulator in conjunction with the pulse generator. For continuous wave exposures (pulse widths greater than about one second), the output of the synthesizer is directly connected to the amplifier.
Two high power, broadband amplifiers are in use,
The choice of one designated "LO" and the other "HI". the amplifier is a function of the maximum intensity desired for the particular experimental set-up. The LO amplifier has a 100 watt (50 dBm) maximum output over the frequency range from 250 kHi to 105 MHz at a nominal input of 0 dBm. continuous wave output of at least 1000 watts ( 6 0 dBm) and a maximum pulsed output of at least 4000 watts (66 dBm) at a maximum pulse width of 8 milliseconds arid a maximum duty cycle of 25% at a nominal input of 0 dBm over the frequency range from 100 kHz to 200 ElHz.
The HI amplifier has a maximum Schematic, cross sectional view of the ultrasonic transducer assembly, The stainless steel assembly supports a ceramic disk such that the air backed side has a gold foil positioned between the disk and the support ring. ring against the gold foil and disk. The front surface of the disk, in turn, compresses an O-ring to provide, simultaneously, a liquid seal and contact with the stainless steel.
The screw-in backplate compresses the The output of the high power, broadband amplifier is connected to the ultrasonic transducer assembly through a dual directional coupler. The relay box which consists of a coaxial relay is under computer control and permits both the forward and reverse electrical power to be monitored by the voltmeter which permits automatic determination of the net electrical power delivered to the ultrasonic transducer as semb 1 y .
EXPOSURE TANK
The exposure tank, shown schematically in Figure  2 , is constructed of one inch thick clear acrylic sheet (Plexiglas(R)) to permit, simultaneously, the necessary thermal insulation and visibility. The visibility is required. during experimentation to position and observe animals and specimens and during calibration to make certain observations and measurements. The overall inside dimensions of the exposure tank are 15 inches long, 7 inches wide and 8 inches deep with the top open. assembly is located on one end wall of the tank and an ultrasonic load at the opposite end. An acoustic Saran Wrap@) window, 0.0006 in. thick, located 12 inches from the wall which contains the transducer assembly separates the isotonic saline and castor oil. An aluminum right angle is positioned on-axis on the end wall in the castor oil to divert the ultrasound at right angles in order to maximize the path length to at least 20 cm before returning to the isotonic saline.
The ultrasonic transducer The assembly presently in use supports a 1.5 inch diameter disk although 1.0, 2.0 and 2.5 inch diameter assemblies have also been constructed. The circular areas of the four sized disks which contact the isotonic saline have diameters of 0.75, 1.25, 1.75 and 2.25 inches. The air backed side of the disk has a 0.001 inch thick gold foil positioned between the disk and the teflon ring. A 0.01 inch grove is machined in the teflon ring to position the disk and gold foil in the center. in the disk at the point where the % inch wide copper sheet contacts the back surface. The screw-in back plate compresses the teflon ring against the disk which in turn compresses the O-ring against the stainless steel housing. The O-ring grove is cut such that upon compression, the front surface of the disk contacts the stainless steel and the O-ring provides a liquid seal.
The gold foil minimizes high current densities
The exposure tank can support two general types of experiments, viz, mouse exposures using the mouse mounting boards and liquid suspension exposures using the Pyrex(R) vessels as shown schematically in Figure  2 . Pairs of vertical slots are located along the side walls at one inch increments to support the mouse mounting boards. When the + inch thick Plexiglas(R) board, which measures 62 inches wide and 7 inches high, is positioned in the vertical slots, a square 2 inch hole in the board has its center coincident with the ultrasonic beam axis.
sions can be performed in cylindrical PyrexqR) glass vessels. Various inside diameters and lengths are in use, depending upon the volume requirements of the experiment. Access to the vessel is through a stem which is mounted at 90° to the vessel axis and which also serves to support the vessel in the ultrasonic beam. Both ends of the vessel are covered with Saran Ultrasonic exposures of liquids and li uid suspenWrap(R) and held taut by two O-ring supports. vessel is positioned in the exposure tank in such a manner that its main axis is coincident with the ultrasonic beam axis and at the desired distance from the transducer.
The
The temperature of the degassed isotonic saline and castor oil is controlled by circulating water from a temperature controlled bath through $ inch copper tubing which is positioned along the side walls of the exposure tank. The temperature of the reservoir is controlled with an on-off temperature controller (Model 71A Yellow Springs Instrument Company, Yellow Springs, Ohio).
Degassed isotonic saline is prepared by adding distilled water to 108 grams of reagent grade NaCl to a volume of 12 liters (0.9 percent) and the mixture is placed under laboratory vacuum (20 to 60 mm Hg) for a minimum of 3 hours at 30OC.
MEASUREMENT EQUIPMENT Three techniques are used to measure the ultrasonic field parameters. The bouyant float technique is used to determine total ultrasonic power and the suspended ball technique is used as a point by point technique to measure intensity. and suspended ball techniques are absolute, that is, the measured displacements can be related through derived mathematical expressions to the ultrasonic field parameters of total power and intensity, respectively. The scanning hydrophone technique is used to obtain either axial (on-axis) o r planar (three dimensional perspective) plots of the relative pressure o r intensity.
BOUYANT FLOAT TECHNIQUE the radiation force of a downward directed ultrasonic beam by measuring the displacement of a float bouyant between isotonic saline and carbon tetrachloride. The float shown in Figure 4 is designed with a totally reflecting, inverted conically shaped target such that the incident angle of the ultrasonic energy onto the target is 3 1 ' (Stewart etg, 1973) .
conical shape permits the float to be self centering when the ultrasonic power is incident upon the target. The float has a mean density just slightly greater than isotonic saline. Thus, when the float stem is immersed into the carbon tetrachloride (density = 1.52 gm/cc), a position of neutral bouyancy is obtained.
Both the bouyant float
The bouyant float technique is used to measure
The inverted
The chamber in which the bouyant float measurements are made has been designed to minimize reflections upon the target assembly. (8 inches in diameter and 24 inches in depth) is fabricated from Y' polypropylene with a one inch wide Plexiglas(R) window running the 24 inch heighth to view the float, and is surrounded by castor oil. The beaker at the bottom of the cylinder contains the carbon tetrachloride. Pulse-echo measurements (Panametrics Pulser/Receiver 5050PR and Automation Industries 2.25 MHz transducer) inside the polypropylene tank yielded a maximum ultrasonic power reflection coefficient of 4% at normal incidence. Power measurements are performed with the target at least 3.5 inches below the transducer to allow f o r a minimum of two reflections of the ultrasonic energy from the polypropylene wall.
The inner, cylindrical tank SUSPENDED BALL TECHNIQUE
The measurement of radiation force exerted on a steel ball mounted on a bifilar suspension was first reported by Fox and Griffing (1949) . The present technique consists of a steel ball glued with a minute amount of Silastic to a Nylon filament, assumed to be massless. The assembly is suspended vertically into R 
SCANNING HYDROPHONE TECHNIQUE
show the types of plots which are produced from the data consists of the hydrophone, voltmeter and computerized millbase positioning system. The electronic hardware is shown schematically in Figure 1 . This technique uses the hydrophone fixed i n space while the exposure tank is moved.
Figures 5 and 6, which will be discussed in detail,
CASTOR OIL
taken with the scanning hydrophone technique, which
The piezoelectric element of the hydrophone is a PZT 5H (Model 1-1010-5H, Vernitron Piezoelectric Division, Bedford, Ohio) ceramic cylinder, 1.6 mm by 1.6 mm by 0.25 mm. It is positioned coaxially on the end of a 1.6 mm diameter stainless steel tube and attached with conducting epoxy such that the outer wall of the ceramic cylinder is in electrical contact with the tube and the inner wall is in electrical contact with a wire. The 
1 where mb,is the bouyant mass of the ball, g is the gravitational constant and I is the suspension length Dunn, 1962, Dunn and Fry, 1972) . The relationship between the radiation force and the ultrasonic intensity is given by where c is speed of sound o f the isotonic saline, a is the ball radius and Y is the "acoustic radiation force function" (Hasegarva and Yosioka, 19693 which depends upon the elastic properties of the ball, the density of the isotonic saline and the ratio of the ball size to the wavelength in the saline. (Kinsler and Frey,1962 ).
The hydrophone is rigidly mounted to the head of a Bridgeport Milling Machine frame (Model 31951, Bridgeport Machines Co., Bridgeport, Conn.) with the piezoelectric element submursed in the exposure tank which is placed on the milling machine table. stepping motors control the horizontal (x-axis and y-axis) and vertical (z-axis through a 1O:l gear reducer) positions of the table. the minicomputer through a buffered translator which converts the computer commands into the appropriate motor pulses and automatically accelerates and decelerates the motor at a proper rate. Non contact, optical sensing position controls and displays f o r the three dimensions permit position feedback control and thus eliminates incorrect positioning due to thread backlash.
Three synchronous
Each motor is controlled from USE AND DISCUSSION consist of three steps, s., ultrasonic calibration, equipment calibration and specimen exposure. ultrasonic calibration determines the ultrasonic transducer assembly efficiency 2nd the intensity distribution at the site where the specimen i s positioned. The equipment calibration determines the minicomputer signals to the synthesizer to obtain the required net electrical power and hence the specified intensity.
The procedure by which specimens are exposed The
ULTRASONIC CALIBRATION
The ultrasonic transducer assembly is removed from the exposure tank and positioned above the bouyant float tank, as shown schematically in Figure 4 , to measure the total ultrasonic power. calibration procedure is used to determine the efficiency of converting the net electrical power supplied to the transducer assembly into ultrasonic power. This is accomplisirL.' 5" simultaneously, measuring the float displacement and net electrical power supplied to the ultrasonic transducer assembly. From the float displacement, the ultrasonic power is . .
6C
Figure 5 (Left): versus distance from the transducer surface of the 1.5 inch ultrasonic transducer assembly. scan and 5B and 5C are expanded views of the data.
On-axis scan of the relative pressure SA is the complete Figure 6 (Above): of the relative pressure in the plane normal to the beam axis and 9.5 inches from the transducer surface o f the 1.5 inch ultrasonic transducer assembly. the actual data, 6B is a single interpolation and 6C is a double interpolation.
Three dimensional perspective view 6A is
As an example, the total force, F, in newtons, exerted on this target in isotonic saline at 3OoC (~1 5 2 0 m/s) per total ultrasonic power, P, in watts is given by
where B is the incident angle of 3 1 ' (Hueter and Bolt, 1955) . vertical displacement per unit force by measuring the float displacement from 1.000 gm and 2.000 gm brass weights (density = 8.4 gm/cc) which, for example, at 1.0 in. per gm (air) yields 1135 inches per kilogram (bouyant mass). constant (9.8 m/sec2) and multiplying by equation 1 yields 0.112 inches per watt or for every inch of displacement, the ultrasonic power has changed by 8.93 watts.
The float is calibrated to determine the
Dividing by the gravitational
The transducer assembly is replaced into the exposure tank and a three dimensional perspective plot is generated in the plane normal to the beam axis, at the site where the specimen is to be positioned, and at a known total ultrasonic power. From the perspective plot and total power, the point by point intensity distribution is mathematically obtained. At first glance, the on-axis plot shown in Figure SA appears to be three separate curves. The ultrasonic transducer assembly operates at a frequency of 1 MHz and the diameter of the transducer surface exposed to the saline is 1.25 inches. Therefore, a2/X is 6.53 in. increments of 0.02 in. which is almost one-third of a wavelength (0.0598 in.). An expanded view in Figure   The plot is generated by stepping at 6 58 shows that a standing wave exists and the standing wave ratio is 1.17. castor oil can be calculated, assuming that the isotonic saline impedance is 1.52 x lo6 rayls, to be 1.78 x lo6 rayls. The ultrasound power transmission coefficient calculates to be 99.4% (Kinsler and Frey, 1962) indicating the fraction of power being transmitted into the castor oil load.
From this the impedance of the Figure 6 is generated under the same exposure conditions as Figure 5 . The plane is located 9.5 in. from the transducer surface and is normal to the beam axis. This is the distance at which the mouse exposures occur. inches in both orthogonal axes in 0.150 in. increments. The half-power intensity width is 0.52 in. in both orthogonal axes. 6C are produced by generating a data point within the center of each area which is the average of the four surrounding pressure data points.
The probe scanned from -1.2 to 1.2
The interpolations in Figures 68 and The suspended ball technique may provide an independent check of the on-axis intensity, for example, which is calculated from equation (2).
EQUIPMENT CALIBRATTON AND EXPOSURE when the ultrasonic intensity distribution is determinable from the net electrical power supplied to the ultrasonic transducer assembly, the Ultrasonic Control Program is implemented on the minicomputer. program permits the experimenter to specify exposure criteria for up to 32 separate exposures. more than 32 exposures be required, the program is executed again. The input parameters include (1) the HI or LO power amplifier, (2) the ultrasonic transducer assembly efficiency parameter, (3) the diameter of the transducer surface in contact with the isotonic saline, (4) a spatially averaged intensity for each exposure, determined by dividing the ultrasonic power by the transducer surface in contact with the isotonic saline and (S) the duration of each exposure. is shaved with a small animal clipper (Model A2, Oster, Milwaukee, Wisconsin) using a size 40 head and, in some experiments, the ears are punched to code the animal to the exposure condition. after injection, the animals can be positioned in a spread eagle manner, ventral side against board, on the mouse mounting board with the umbilical region centered in the square hole. positioned across the upper back area securely holds the upper part of the mouse and tape secures the hind limbs and tail. positioned in the exposure tank at a distance of 9.5 inches from the transducer surface with the abdominal wall facing the transducer, as shown in Figure 2 . The abdominal wall is carefully wiped free of visible bubbles and the programmed exposure crnnmences with the pressing of the remote "GO" button. At the completion of the exposure time, the mouse is removed from the exposure tank, released from the board, wiped with a towel and placed in a cage. performed such that the experimenter is unaware of exposure condition. t g . , 1974b ).
An example of its

